Introduction
Apoptosis is currently the subject of intense research interest, at least partly because we now recognize that tumor cells die by apoptosis or necrosis in response to cytotoxic treatments with drugs or radiation depending on the severity of the insult. If apoptosis propensity could be modulated, the ability of cancer treatments to kill tumor cells or protect normal cells might be enhanced. The development of such strategies has been stimulated by discoveries indicating that apoptosis propensity is a highly regulated process involving a number of molecular pathways in the cell including those responsible for signal transduction and those controlled by certain oncogenes and tumor suppressor genes (Fisher, 1994) .
Previous studies from our laboratory have shown that murine tumors treated in vivo with drugs or radiation display a very heterogeneous apoptotic response (Meyn et al., , 1995 . These ®ndings are consistent with the fact that apoptosis propensity is under genetic control and with the general concept that the pattern of expression of genes that regulate apoptosis in a particular tumor may dictate that tumor's apoptotic response to drugs or radiation. These basic ideas have been con®rmed in a number of studies conducted on cells treated in vitro Fan et al., 1994; Ohmori et al., 1993) . Of the genes known to control apoptosis, two appear to be especially important for the apoptotic eects of radiation and chemotherapeutic drugs; the p53 tumor suppressor gene and the Bcl-2 oncogene (and its associated gene family members). The precise mechanisms by which these genes control apoptosis are not fully understood; however, the pathways in which the p53 and Bcl-2 proteins reside are under investigation in many laboratories with the idea that knowing how these pathways regulate apoptosis propensity may ultimately lead to the development of strategies for modulating apoptosis susceptibility.
What is clear so far is that normal p53 function is required for drug or radiation-induced apoptosis (Clarke et al., 1993; Lowe et al., 1993) whereas abnormal expression of Bcl-2 blocks apoptosis following treatment with these agents (Marin et al., 1994; Miyashita and Reed, 1992; Walton et al., 1993) . It has been known for several years that cells that overexpress Bcl-2 are resistant to chemotherapeutic drugs and radiation (Sentman et al., 1991; Strasser et al., 1991) . Several theories have been proposed to explain the underlying mechanism (Reed, 1994; Yang and Korsmeyer, 1996) , most of which have focused on three possibilities. First, Bcl-2 expression may inhibit the mobilization of Ca 2+ , a cofactor known to be important in apoptosis, following stimulation of apoptosis (Bafy et al., 1993; Lam et al., 1994; Marin et al., 1996) . Second, Bcl-2 may act in an antioxidant pathway to block a putative free-radical-mediated step in the cascade of events required for apoptosis (Haecker and Vaux, 1994; Hockenbery et al., 1993; Kane et al., 1993) . Third, it has been proposed recently that Bcl-2 protein, which is known to be localized in cell membranes (Hockenbery et al., 1990; Jacobson et al., 1994) , acts to prevent the translocation of critical signals for apoptosis across such membranes (Herrmann et al., 1996) particularly the mitochondrial membrane (Shimizu et al., 1996; Zamzami et al., 1995) .
We have developed an in vitro/in vivo model cell system for examining the relative importance of these theories in explaining the apoptosis-inhibiting action of Bcl-2. This system consists of cell lines derived from a murine lymphoma (LY-TH) that displayed substantial apoptosis when irradiated in vivo .
The cell lines do (LY-as) or do not (LY-ar) undergo substantial apoptosis following treatment in vitro with radiation (Story et al., 1994) or chemotherapeutic drugs such as cisplatin, etoposide, or Adriamycin (Story et al., manuscript in preparation) . As we show in this paper, the resistance of the LY-ar cells is apparently due to an overexpression of Bcl-2. In a previous paper, we reported that, whereas Ca 2+ levels rise during radiation-induced apoptosis in LY-as cells, the rise occurs late in the process and appears to be an eect of apoptosis rather than a cause (Voehringer et al., 1997) . This ®nding would appear to rule out the ®rst of the three theories presented above as an explanation for Bcl-2's inhibitory actions at least in this cell system. In the present report, we illustrate that LY-ar cells have greater antioxidant capacity, specifically as the result of thiol production, than LY-as cells, an observation consistent with the second of the theories discussed. Moreover, we show that when cellular thiol levels were decreased by use of exogenous thiol-modifying agents, susceptibility to radiation-induced apoptosis was restored in the LYar line.
Results

Bcl-2 expression
The two cell lines, LY-as and LY-ar, that comprise the model system under investigation in this study are sensitive and resistant, respectively, to radiationinduced apoptosis as determined on the basis of the pattern of DNA fragmentation characteristic of apoptosis (Story et al., 1993 (Story et al., , 1994 . In an eort to understand the mechanism responsible for resistance to apoptosis, the statuses of p53 and Bcl-2 were determined in these cell lines. Both cell lines were screened for p53 abnormalities by single-strand conformational polymorphism (SSCP) analysis of exons 4 ± 8; by immunoprecipitation using antibodies PAb421 (pantropic), PAb240 (mutant), and PAb246 (wild-type); and by Western blot using the same antibodies. No dierences between the two cell lines were detected in any of these tests (data not shown). The functionality of p53 in these cell lines was also examined. As can be seen in Figure 1 , p53 protein was stabilized following irradiation to a similar extent in both lines. An analysis of p21/Waf1/Cip1, a gene whose expression is regulated by p53 (El-Deiry et al., 1993) and is responsible for growth arrest following irradiation (Fan et al., 1994) , showed that p21 levels increased with time following irradiation in the LY-ar line but decreased in the LY-as line (Figure 1 ). The levels of Bax, a gene which encodes a dominant inhibitor of Bcl-2 (Oltvai and Korsmeyer, 1994 ) and whose expression is regulated by p53 (Miyashita and Reed, 1995) increased in LY-as but not in LY-ar cells. Thus, the dierences in radiation-induced apoptosis between the LY-ar and LY-as lines could not be attributed to p53 abnormalities.
In contrast to what was seen for p53, Western blot analysis of Bcl-2 protein levels in these lines indicated that LY-ar cells express approximately 30-fold higher levels compared to the LY-as cells (Figure 1 ). This latter ®nding is consistent with reports in the literature (Sentman et al., 1991; Strasser et al., 1991) demonstrating resistance to radiation-induced apoptosis associated with Bcl-2 expression in other cell systems.
Sensitization in cystine/methionine-free medium Insight into the mechanism by which Bcl-2 may block apoptosis and a possible means for overcoming this resistance resulted from the following series of experiments. These experiments were prompted by earlier studies, whose goal was to characterize cellular proteins synthesized during apoptosis using 35 Smethionine labeling and in which we noticed that incubation of the LY-as and LY-ar cell lines in cystine/ methionine-free (C/M 7 ) medium following irradiation caused profound growth delay and cell loss (unpublished observations). In the present study, we wished to determine whether incubation in C/M 7 medium induced apoptosis in these lines or modi®ed the radiation response. The LY-as and LY-ar lines were incubated in C/M 7 medium after irradiation, and apoptosis was assessed at times when apoptosis had previously been shown to peak in these lines, 4 h and 8 h, respectively (Story et al., 1994) . Incubation in C/ M 7 medium increased the susceptibility of both LY-as and LY-ar cells to radiation-induced apoptosis ( Figure  2 ). The increase was most profound in the LY-ar cells; 3.4-fold compared to the LY-as where the enhancement was only 1.7-fold. Indeed, the apoptosis propensity of LY-ar cells, which are otherwise very resistant to this mode of cell death, was restored by incubation in C/M 7 medium to a level comparable to that of LY-as cells in normal medium.
Additional experiments were conducted to ascertain the critical time period following irradiation during which the presence of C/M 7 medium exerts its eect. Thus, LY-ar cells were irradiated and immediately placed in C/M 7 medium. Cystine and methionine were added back to the cultures at various times following irradiation, and apoptosis was scored at 8 h. The results (Figure 3 ) indicate that C/M 7 medium sensitized LY-ar cells primarily when present between 30 min and 4 h after irradiation. Little additional sensitization was achieved by incubating in C/M 7 medium longer than 4 h. In a separate experiment, consisting of a 2 h preirradiation treatment of LY-ar cells in C/M 7 medium followed by postirradiation incubation in regular medium, the radiation-induced DNA fragmentation increased by only 6% (data not shown) indicating that it is the postirradiation time period that is most important and that this mechanism of sensitization does not involve a modi®cation of the initial radiochemical damage.
Incubation in C/M 7 medium may modify the metabolism of cells through two major pathways. First, inasmuch as cysteine (the intracellular, reduced form of cystine) and methionine are amino acids, incubation in C/M 7 medium may inhibit protein synthesis. Second, cysteine is a precursor for glutathione (GSH) and incubation in C/M 7 medium is known to inhibit synthesis of this important cellular antioxidant (Suzukake et al., 1982) . Therefore, we examined the in¯uence of C/M 7 medium on these two pathways. Pulse-labeling of LY-ar cells with even after a 4 h incubation, protein synthesis. Moreover, the data in Figure 4 supported the idea that sensitization to radiationinduced apoptosis by C/M 7 medium may be due to a speci®c in¯uence on cellular GSH levels because CHX which was capable of inducing some apoptosis on its own and, thereby, enhancing the apoptotic capabilities of the LY-ar cells was not able to sensitize the cells to radiation. We had previously shown that CHX induced apoptosis in the LY-as line (Story et al., 1993) .
C/M 7 medium's eects on GSH synthesis were examined. LY-ar cells were incubated in C/M 7 medium, and cellular GSH levels were determined as a function of time using the Hissen and Hilf (1976) assay. GSH levels in LY-ar cells dropped quickly with time of incubation, dropping by more than a factor of 2 within 2 h ( Figure 5 ). In an additional experiment, GSH levels quickly (i.e. within 2 ± 3 h) returned to control levels when cystine and methionine were added back to the cultures after a 2 h incubation in C/M 7 medium (data not shown). An analysis similar to that shown in Figure 5 was conducted with LY-as cells and, although GSH levels also decreased with time in C/M 7 medium (data not shown), the drop was not as dramatic (less than a factor of 2) as in LY-ar cells because LY-as cells had lower levels of GSH to begin with. Therefore, in addition to illustrating that incubation in C/M 7 medium lowers cellular GSH levels, these experiments revealed that the Bcl-2-expressing and apoptosis-resistant LY-ar cells have nearly twice the GSH content as their non-Bcl-2 expressing and apoptosispro®cient LY-as counterparts. In repeat determinations, the GSH content was found to be 4.3 nmol/10 6 cells for LY-ar cells and 2.5 nmol/10 6 cells for LY-as cells.
Eect of other thiol-modifying agents
Three additional agents that modify cellular thiol concentrations, either directly or indirectly, were tested for their ability to sensitize LY-ar cells to radiation-induced apoptosis; diethyl maleate (DEM), Figure 2 The in¯uence of incubation in C/M 7 medium on radiation-induced apoptosis as assessed by DNA fragmentation. LY-ar and LY-as cells were irradiated in normal RPMI medium and the medium was changed after irradiation to that indicated. Apoptosis was assessed at the times previously shown for the maximum apoptotic response: 4 h after irradiation in the LY-as cells and 8 h after irradiation in the LY-ar cells. Error bars depict standard deviations of at least four independent measurements except in the case of LY-as cells in C/M 7 medium where only one determination was made Figure 3 The in¯uence of adding cystine and methione back to C/M 7 medium at dierent times after irradiation. LY-ar cells were irradiated in normal RPMI medium and placed in C/M 7 medium after irradiation. Cystine and methionine were added to the incubation medium at the dierent times indicated and the apoptosis was assessed by DNA fragmentation analysis 8 h after irradiation. Results for one experiment with duplicate samples are presented; a repeat experiment yielded similar results
Figure 4
The eect of CHX on radiation-induced apoptosis in LY-ar cells. CHX (1 mg/ml) was added immediately after irradiation and DNA fragmentation was assessed at 8 h. Results for one experimenmt with duplicate samples are shown: a repeat experiment yielded similar results diamide, and buthionine sulfoximine (BSO). DEM and diamide directly deplete all cellular thiols, whereas BSO speci®cally inhibits g-glutamylcysteine synthetase (Grith, 1982) , the rate-limiting enzyme in the GSH synthesis pathway. The results for DEM and diamide are presented in Figure 6 . Both of these agents enhanced radiation-induced apoptosis in LY-ar cells, DEM being somewhat more eective in this regard. In addition, both agents themselves appeared to induce apoptosis. Both agents lowered cellular thiol levels to very low values (i.e. 520%) within 30 min of administration (data not shown). The lowering of thiol levels in itself may be sucient to drive some cells into apoptosis since apoptosis in the absence of radiation was higher in untreated LY-as cells and in both LY-as and LY-ar cells incubated in C/M 7 medium than in untreated LY-ar cells (Figure 2) .
To our surprise, BSO failed to increase the susceptibility of LY-ar cells to radiation-induced apoptosis in spite of its ability to lower GSH levels in those cells. As shown in Figure 7 , GSH levels were lowered during incubation of LY-ar cells in 0.1 mg/ml of BSO. When LY-ar cells were irradiated with 2.5 Gy, placed in medium containing BSO and assayed for DNA fragmentation 8 h later, no sensitization was evident (Figure 7 ). Comparing Figure 5 with Figure 7 makes it clear that the GSH levels in the presence of BSO did not fall as rapidly as they had in C/M 7 medium. Therefore, we pretreated LY-ar cells for 4 h with 0.1 mg/ml BSO to lower the GSH levels in the LY-ar cells to values comparable to those of untreated LY-as cells. The cells were then irradiated, returned to incubation in BSO, and assayed for DNA fragmentation 8 h after irradiation. Again no increase in susceptibility to radiation-induced apoptosis was observed under these conditions (data not shown). Measurements of GSH levels during the course of this last experiment showed that by 4 h after irradiation (a total of 8 h in BSO), the GSH level had dropped to about 1/3 the starting level, a value comparable to that seen after 4 h in C/M 7 medium ( Figure 5 ).
Eect of C/M 7 medium on Bcl-2 protein levels
Because the Bcl-2 protein may act in an antioxidant pathway , it was necessary to test whether Bcl-2 levels fell with incubation in C/M 7 medium. LY-ar cells were incubated in C/M 7 medium, and protein was extracted and analysed as a function of time for Bcl-2 protein levels using Western blots. The blots shown in Figure 8 demonstrate that Bcl-2 protein levels did not decrease appreciably during the Figure 5 The suppression of intracellular GSH levels by C/M 7 medium. LY-ar cells were placed in C/M 7 medium and GSH was assayed using o-phthalaldehyde at dierent times. Results for one experiment with duplicate samples are presented; a repeat experiment yielded similar results Figure 6 The eect of DEM and diamide on radiation-induced apoptosis in LY-ar cells. Agents were added immediately after irradiation and DNA fragmentation was assessed at 8 h. Error bars depict standard deviation on four measurements ®rst 2 h following incubation in C/M 7 medium, a time during which GSH levels fell by more than 50% ( Figure 5 ).
Survival curve analysis
In a previous paper, we showed that the LY-ar cell line was resistant to ionizing radiation and the LY-as line was very sensitive according to a clonogenic assay (Story et al., 1994) . We also showed that the radiosensitivity of the LY-as line could be accounted for by apoptosis propensity which was lost in the radioresistant LY-ar cells. It was important, therefore, to test whether the increase in susceptibility to radiation-induced apoptosis observed here for LY-ar cells in C/M 7 medium correlated with restored radiosensitivity as measured in a clonogenic assay. LY-ar cells were irradiated and incubated in C/M 7 medium and clonogenic survival determined. The survival curves show that LY-ar cells incubated in C/ M 7 medium had completely restored radiosensitivity when compared with that for LY-as cells grown in regular medium (Figure 9 ).
Discussion
Our observations showing that the susceptibility of murine lymphoma cells to radiation-induced apoptosis can be increased by a postirradiation incubation in C/ M 7 medium are entirely consistent with an emerging theory that relates the importance of cellular antioxidant pathways in the regulation of apoptosis (summarized in several recent reviews: Buttke and Sandstrom, 1995; Jacobson, 1996; Sara®an and Bredesen, 1994; Slater et al., 1995) . Increased susceptibility was achieved with incubations in C/M 7 medium as short as 2 h and with incubations of 4 h sensitivity similar to that of LY-as cells was attained. These eects correlated with dramatic changes in the levels of GSH ( Figure 5 ). Although we cannot rule out an eect of C/M 7 medium on the synthesis of a speci®c protein involved in apoptosis that is rich in cysteine or methionine, no eects of C/M 7 medium on bulk Figure 7 The in¯uence of BSO on intracellular GSH levels and radiation-induced apoptosis in LY-ar cells. LY-ar cells were irradiated or not and BSO was added after irradiation. DNA fragmentation was assayed 8 h after irradiation. Open bars, controls; closed bars, 2.5 Gy. Results for one experiment with duplicate samples are shown; a repeat experiment yielded similar results
Bcl-2 1 2 3 4 5 Figure 8 The in¯uence of incubation in C/M 7 medium on Bcl-2 protein expression as determined using Western blot analysis. The times from left to right are 0, 30, 60, 90, 120 min Figure 9 Radiation survival curves for LY-as cells and LY-ar cells incubated in regular RPMI medium or C/M 7 medium for 8 h after irradiation. Error bars are shown where larger than the symbol plotted and depict standard deviations of four determinations protein synthesis that would explain the sensitization to apoptosis were seen. Radiation-induced apoptosis in these lymphoma cell lines as for many other cell types, appeared to require new protein synthesis, because inhibition of protein synthesis actually protected these cells from apoptosis rather than sensitizing them (Figure 4) .
The rather profound dierence in apoptosis propensity between the LY-as and LY-ar cell lines prompted an examination of the genes known to regulate apoptosis, namely p53 and Bcl-2. As shown in Figure  1 , p53 function appeared to be normal in both lines but the levels of Bcl-2 protein were highly elevated in the LY-ar line. This change would be sucient to explain the apoptosis-resistant phenotype of the LY-ar line and might also explain the higher levels of GSH seen in this line. The reports by Hockenbery et al. (1993) and Kane et al. (1993) linked thiols as modulators of apoptosis propensity with the ability of Bcl-2 to block apoptosis. In the study reported by Kane et al. (1993) , Bcl-2 expressing neural cells had twice the basal concentration of GSH as their non-Bcl-2-expressing counterparts. The data presented here showing that Bcl-2-expressing LY-ar cells had higher levels of GSH than the non-Bcl-2-expressing LY-as cells are consistent with the report by Kane et al. (1993) .
Because the LY-as and LY-ar lines may not be isogenic, the relationships between the Bcl-2 expression of LY-ar cells and their thiol levels are only correlative. However, it appears that many cell systems that overexpress Bcl-2 may have higher basal levels of GSH. We have examined three other cell systems in which Bcl-2 expression was introduced via transfection including Dunning rat prostate lines, splenocytes from Bcl-2-Ig transgenic mice, and Daudi cells and another cell system in which Bcl-2 expression arises spontaneously, human small cell lung cancer. In every case, the Bcl-2-expressing cells had at least twice the GSH levels as their non-Bcl-2-expressing counterparts (unpublished obvservations). The splenocytes from the Bcl-2-Ig transgenic mice are especially important in this regard as these cells represent one of the very ®rst cell systems used to demonstrate Bcl-2's role in blocking apoptosis (McDonnell et al., 1989; McDonnell and Korsmeyer, 1991) . We have recently shown that the splenocytes from the transgenic mice have nearly a sevenfold increase in intracellular GSH levels. The fact that these Bcl-2-expressing splenocytes are resistant to radiaton-induced apoptosis compared to splenocytes from normal mice has been reported previously (Marin et al., 1994) . Bredesen and his colleagues have recently reported higher levels of GSH in another Bcl-2-transfected neural cell system (Ellerby et al., 1996) .
As discussed above, considerable published evidence now supports the original reports by Hockenbery et al. (1993) and Kane et al. (1993) that Bcl-2 functions in an antioxidant pathway to block apoptosis. Those papers suggested that reactive oxygen species (ROS) may mediate the cascade of events in apoptosis and that either the generation of these ROS or the lipid peroxidation that results from their action (or both) is blocked in a manner mimicked by antioxidants in cells that overexpress Bcl-2. The facts that ionizing radiation also generates ROS and that these can be blocked by thiols (von Sonntag, 1987) necessitated experiments to distinguish their eects from those ROS that mediate apoptosis. The results of these experiments (Figure 3) showed that C/M 7 medium exerted its eect primarily after irradiaton, a time period where the radiation-induced ROS are no longer active (von Sonntag, 1987) .
The source of the putative ROS that mediate apoptosis is unknown but a current focus of research is on mitochondria, one of the sites of Bcl-2 protein localization and an obvious site of ROS generation as byproducts of oxidative metabolism (Zamzami et al., 1995) . Some investigators have questioned the requirement for ROS to mediate apoptosis based on demonstrations that apoptosis can proceed in hypoxic environments and that Bcl-2 can still block apoptosis under conditions of low oxygen (Jacobson and Ra, 1995; Shimizu et al., 1995; Muschel et al., 1995) . These ®ndings do not rule out a role for Bcl-2 in an antioxidant pathway, however, because, as pointed out by Jacobson (1996) , apoptosis may be modulated by redox sensitive regulatory proteins via their sulphydryl groups and antioxidants such as GSH or other thiols may act to alter the functions of such proteins.
The data presented above would appear to con®rm a role for GSH in modulating apoptosis. However, the experiments using BSO, a speci®c inhibitor of gglutamylcysteine synthetase (Grith, 1982) , the rate limiting enzyme in GSH synthesis (Meister, 1994) , did not increase susceptibility to radiation-induced apoptosis even under conditions where GSH levels were lowered by 50%. Other groups have made similar observations using BSO (Jones et al., 1995; Sato et al., 1995) ; i.e. that BSO lowers GSH but does not increase susceptibility to apoptosis, leading to the conclusion that GSH is not the speci®c thiol that modulates apoptosis. This conclusion would seem to be con®rmed through our experiments using DEM or diamide which cause depletion of essentially all cellular thiols and not just GSH. A major caveat to this explanation is that Grith and Meister (1985) have shown that BSO does not lower the GSH levels in mitochondria at least in incubations of less than 24 h. Based on this observation, they speculated that since BSO does not penetrate mitochondria, it is possible that mitochondrial GSH synthesis occurs but is protected from inhibition by this mechanism. This mechanism would not protect mitochondria from the ability of C/M 7 to inhibit its GSH synthesis. Moreover, in¯uences of C/M 7 medium, DEM, and diamide on mitochondrial GSH levels cannot be ruled out.
Alternative hypotheses have been put forth to explain the apparent contradiction of the importance of thiols in mediating apoptosis and the lack of in¯uence on this process by BSO. First, cellular thiols other than GSH may play important roles in regulating apoptosis; thioredoxin has been speci®cally implicated in this regard (Sato et al., 1995) . Second, it has been suggested that overexpression of Bcl-2 does not just upregulate intracellular GSH concentrations but shifts the entire cellular redox potential to a more reduced state. Ellerby et al. (1996) have shown that whereas Bcl-2-transfected neural cells have elevated GSH levels, the ratios of the oxidized form of GSH, GSSG, to total GSH is lowered by a much larger factor than in nonBcl-2-expressing cells. Thus, in as much as this ratio is Thiol depletion reverses resistance to apoptosis N Mirkovic et al a measure of cellular redox potential, Bcl-2-expressing cells may be in a much more reduced state. Ellerby et al. (1996) speculate that the redox state of the cell could directly modulate critical pathways involved in apoptosis including cysteine proteases such as IL-1b converting enzyme (ICE) which are responsible for initiating the cascade of proteolytic steps that carry out apoptosis (Kumar, 1995) .
In this regard, a recent investigation examining the disruption of mitochondrial transmembrane potential during apoptosis (Marchetii et al., 1997) has suggested that intracellular redox potentials might determine the susceptibility of cells to apoptosis through an indirect action on critical thiols which are located in the mitochondrial membrane. In a recent review on the mitochondrial control of apoptosis, this group, Kroemer et al. (1997) , points out that the redox states of these thiols would be in equilibrium with that of GSH. Therefore, whereas GSH may not be the critical thiol that modulates apoptosis, GSH may indirectly aect the redox state of critical thiols resident in the mitochondrial membrane that do regulate this mode of cell death. Bcl-2 appears to be able to mimic this activity, at least, as part of its function. This is an especially attractive hypothesis and subject to further tests in our cell system; all of the data presented here are consistent with this idea.
In the initial report describing the LY-as and LY-ar cell system (Story et al., 1994) , we veri®ed that the dierences in apoptotic propensity of these two lines measured on the basis of DNA fragmentation also extended to corresponding dierences in clonogenic survival. In the present report, we have also veri®ed that the increased susceptibility to radiation-induced apoptosis when LY-ar cells are incubated in C/M 7 medium extends to enhanced cell killing when clonogenic survival is used as an endpoint. Thus, it appears that cells that are resistant to radiation because of Bcl-2 expression can be sensitized by a postirradiation treatment that lowers thiol levels or shifts the redox potential to a less reduced state. We are currently extending these observations to the other cell systems mentioned above in which Bcl-2 expression also induced higher basal GSH concentrations. The ®ndings reported here have implications for the treatment of human cancer where the possibility exists that tumors are resistant to conventional therapies because Bcl-2 is overexpressed. The fact that such tumor cells may be sensitized by exogenous agents that modify cellular thiols may ultimately oer strategies for overcoming resistance to therapy due to Bcl-2.
Materials and methods
Cell culture
The murine lymphoma cell lines LY-as and LY-ar were grown in suspension in RPMI medium supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, penicillin, and streptomycin. All incubations were at 378C in a humidi®ed, 5% CO 2 -95% air atmosphere unless otherwise stated. Under these conditions the cells doubled approximately every 11 ± 12 h. The derivation of the LY-as and LY-ar cell lines has been described previously (Story et al., 1994) .
Clonogenic survival
Cell survival experiments were carried out using a modi®cation of the protocol by Dynlacht et al. (1996) . Cells at a concentration of 10 6 /ml in 378C medium were irradiated in a room temperature irradiator and immediately returned to a 378C incubator. After 1 h the medium was removed and replaced with 378C C/M 7 medium and diluted 10-and 100-fold. These solutions were transferred to 25 ml reagent reservoirs, and 200 ml was transferred into each of eight wells of the ®rst row of a 96-well plate using a multichannel pipettor. After the suspension in the ®rst row was mixed, 100 ml was transferred into the adjacent well, which had previously been ®lled with 100 ml of C/M 7 medium. This was repeated for every well resulting in a serial dilution of cells by a factor of 2 for each set of wells. The plates were returned to a 378C incubator, where they remained for 7 h. At this time 100 ml of medium containing twice the normal cystine and methionine concentrations was inoculated into each well. The plates were returned to the incubator and the cells were allowed to grow for 5 days. Cell survival experiments in which the eects of C/ M 7 medium were not tested were performed as above except that complete medium was used throughout. After 5 days, 20 ml of a 500 mg/ml solution of MTT (Sigma) in Puck's Solution A (137 mM NaCl, 5 mM KCl, 5 mM glucose, 4 mM NaHCO 3 , pH 7.2) was inoculated into each well of 96-well plates and the plates were incubated overnight at 378C. The next day each plate was scored for wells with positive MTT staining. The relative survival at a given radiation dose was determined by comparing the dilution at which one-half of the wells were positive with the dilution in the control plate where one-half of the wells were positive.
DNA fragmentation
The method for measuring DNA fragmentation is a modi®cation of a published procedure (Sellins and Cohen, 1987) and is based on the solubility of low molecular weight DNA in solutions of low salt concentration. Brie¯y, cells were labeled by 14 C-TdR incorporation (0.03 mCi/ml) for one cell cycle and then irradiated to induce apoptosis. After treatment and incubation for the appropriate length of time, the cells are washed twice with Ca 2+ /Mg 2+ -free phosphate-buered saline (PBS) and then lysed on ice with 0.5 ml of lysis buer (10 mM Tris, 1 mM EDTA, 0.2% Triton X-100, pH 7.5) for 20 min. The insoluble material (chromatin) was pelleted by centrifugation at 13 000 g for 10 min, and the supernatant (fragmented DNA) was removed and placed in a liquid scintillation vial. The insoluble pellet was also transferred with 0.3 ml of water to a liquid scintillation vial, 1 ml of Soluene was added to both samples, and the mixture incubated for 1 h at 608C to solubilize the pellet. Liqui¯uor (Packard) cocktail with 50 mM glacial acetic acid was added to both vials and the radioactivity was counted in a liquid scintillation counter (Packard). DNA fragmentation was expressed as the percentage of radioactivity found in the supernatant fraction of the lysis step compared with the total radioactivity (pellet plus supernatant).
GSH assay
The method that we used to determine GSH levels in cell lines was that of Hissin and Hilf (1976) . This method involves use of o-phthalaldehyde (OPT) as a¯uorescent reagent. Brie¯y, cells were washed once and then resuspended at 1610 7 /ml in cold lysis buer consisting of 5% trichloroacetic acid: 1 mM EDTA: 0.1 M HCl (1 : 1 : 1, v/v/v). Following lysis, nonsoluble material was spun out at 2500 g for 20 min at 48C. A sample (0.2 ml) of the supernatant was then mixed with 3.6 ml of 0.1 M phosphate/5 mM EDTA buer (pH 8.0) and 0.2 ml of OPT stock (0.1 mg/ml in methanol) added. Fluorescence was read at 420 nm with excitation set at 350 nm. A standard curve determined using known quantities of GSH was used to convert¯uorescence readings to GSH concentrations.
Western blots
p53, p21, bax and Bcl-2 protein levels in LY-ar and LY-as cells were quanti®ed by Western blot analysis on total cell lysates (10 7 cells). Brie¯y, lysates were subjected to gel electrophoresis through a 12% polyacrylamide gel. Following transfer to nitrocellulose membrane (Amersham) at 100 V for 1 h (Bio-rad), the membrane was blocked in 5% bovine serum albumin in PBS-T (0.1% Tween-20 in PBS) for 12 h at 48C. The membranes were then probed with 1 : 2000 primary antibody for 2 h at room temperature followed by appropriate secondary antibody conjugated to horseradish peroxidase at a concentration of 1 : 2000.
Probing for Bcl-2 required the use of an intermediate rabbit/anti-hamster antibody (Sigma). Four 15 min washes were performed in PBS-T prior to incubation with the secondary antibodies and exposure to chemiluminescence reagents. The primary antibodies were obtained from PharMingen (Bcl-2, 3F11), Santa Cruz (bax, p19), and Calbiochem (p21, Ab-5 and p53, Ab-7). Chemiluminescence was detected using ECL 1 (Amersham). Quantification was performed by scanning laser densitometry (Molecular Dynamics).
